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Kepler Progress to date 

•  Just finished 7th quarter of observations (Q0-Q7) 
–  2	  May	  2009	  	  through	  22	  Dec	  2010	  

–  Planet	  search	  through	  Q6	  
•  ~160,000 star observed (varies by quarter) 
•  >700 Kepler Objects of Interest (KOIs) identified 

–  A	  KOI	  is	  a	  series	  of	  transit-‐like	  signals	  with	  a	  definite	  period	  
•  Exclude eclipsing binaries as best we can from shape of light curve 

–  Periods	  from	  <1	  day	  to	  several	  hundred	  days	  
•  Planet search approaching complete for P<45 days 
•  Only recently began automatic search for P>45 days 

–  Picking up smaller and longer period planet candidates 

•  >700 planet candidates 
–  Most <4 Earth-radii in size.   Many multiple-planet systems.    
–  This is terra incognita in astrophysics and planetary science, with no 

equivalent mission definitely on the horizon. 
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FOP KOI status 

TNG 3	
1/8/11 

0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

18-Feb-09 29-May-09 6-Sep-09 15-Dec-09 25-Mar-10 3-Jul-10 11-Oct-10 19-Jan-11 

To
ta

l T
ar

ge
ts

 

Date 

Cumulative FOP Statistics 

FOP active targets 

"reconned targets" 



KOI follow-up Protocol 

•  Need to find false positives (KOIs due to eclipsing binaries, etc.) 
•  Need to refine host star characteristics, show RV variation consistent with a 

planet and measure planet mass where possible 
•  Protocol 

–  Centroid	  moIon	  analysis	  with	  Kepler	  data	  to	  ensure	  that	  the	  Kepler	  target	  is	  the	  
source	  of	  the	  transit	  signal	  

•  Finds background eclipsing binaries 
–  High	  resoluIon,	  moderate	  SNR	  spectroscopy	  

•  Refine host star characteristics  
•  Look for large RV variations => stellar mass object produces transit signal 

–  High	  resoluIon	  imaging	  (AO	  or	  speckle)	  to	  find	  nearby	  background	  stars	  for	  input	  
to	  centroid	  moIon	  analysis	  

–  High	  resoluIon,	  high	  SNR	  spectroscopy	  for	  precision	  RV	  measurements	  
•  RV variation consistent with planetary mass object 
•  Measure planet mass or constrain masses to systems with transit timing 

variations 
•  Rossiter-McLaughlin measurements 

–  Co-‐analysis	  of	  photometry	  and	  RV	  to	  idenIfy	  EBs	  in	  hierarchical	  systems	  
(BLENDER)	  
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Kepler RV Follow-up 

•  Kepler RV follow-up observations have 2 key purposes 
•  Verify planet’s existence 

–  Moderate	  precision	  (100	  m/s)	  reconnaissance	  spectroscopy	  looks	  for	  RV	  
variaIon	  consistent	  with	  stellar	  mass	  objects	  

–  High	  precision	  (1-‐10	  m/s)	  spectroscopy	  
•  Mass consistent with planetary mass 
•  RM measurement verifies planet and measures orbit inclination 

•  Determine planet’s mass 
–  Gives	  density	  to	  disInguish	  rocky	  from	  liquid	  or	  gaseous	  planets	  

–  Current	  Precision	  of	  1-‐3	  m/s	  typically	  gets	  only	  more	  massive	  planets	  in	  
short	  period	  orbits	  

–  Need	  0.5-‐1	  m/s	  or	  be]er	  for	  Earth	  mass	  planets	  (Earth	  itself	  shows	  10	  
cm/s	  reflex	  velocity)	  
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Kepler RV Requirements 

•  Four precision RVs obtained at quadrature are the bare minimum for 
planet confirmation and mass measurement (more needed if orbit is 
eccentric) 
–  Kepler-‐10b	  and	  	  CoRoT-‐7b	  show	  that	  ~40	  precision	  RVs	  are	  needed	  to	  

ensure	  detecIon	  and	  mass	  accurate	  to	  10%	  (CoRoT-‐7b	  remains	  uncertain	  
aeer	  100	  RVs.)	  

•  Kepler stars typically have V=13-16 
•  Lick and HET are stretched to reach V=12 in 1 hour 
•  At V=14 most stars require 8m class telescopes 

–  Subaru,	  Gemini,	  Keck	  
–  Though	  using	  3.6	  m	  telescope	  HARPS	  is	  compeIIve	  with	  the	  current	  Keck	  

HIRES	  

–  The	  HARPS-‐N	  CollaboraIon	  will	  have	  80	  nights/yr	  guaranteed	  Ime	  (half	  
for	  Kepler	  work)	  	  on	  a	  3.6	  m	  telescope	  
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FOP Telescope Usage - 1 

0 

50 

100 

150 

200 

250 

300 

350 

TRES McD 2.7 Lick FIES Keck HET KPNO 4m 

To
ta

l S
pe

ct
ra

 

Instrument 

Telescope Usage 2010 Season 

10-Nov 

Oct-10 

Sep-10 

Aug-10 

Jul-10 

Jun-10 

May-10 

Apr-10 

Mar-10 

500 high precision RV spectra in 2010 to confirm 10 planets in 4 systems 
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Slide 0 
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Kepler-4: RV from HIRES 
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Planet Radius vs Mass 
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  or liquid?

ρ = 1.9 gm/cc
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Inside  Kepler-4b    



RVs from Keck constrain the 
planet masses 10x more 
precisely than from TTVs. 
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Updated HARPS solution? 
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Gliese 581 e 
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High Accuracy Radial velocity  
Planet Searcher  

- Geneva Observatory 
- Physikalisches Institut, Bern 
- Haute-Provence Observatory 
- Service d’Aeronomie, Paris 
- ESO 

Better than 1 m/s 

ESO 3.6-m 

HARPS 

Thermal 
enclosure 
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HARPS-N Collaboration: 
Geneva, CfA, UK, INAF-TNG 

HARPS-N Status 
Formal agreements now signed 

INAF	  guarantees	  80	  n/yr	  for	  5	  yr	  on	  3.6m	  TNG	  
HARPS-‐N	  CollaboraIon:	  half	  for	  Kepler	  work	  

On schedule for 1 April 2012 first light 
Fully funded 
Francesco Pepe PI, Dave Latham Co-PI 
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Precise Doppler at V > 13.5 



Current Situation 

•  With Kepler’s current telescope and instrument resources we can only 
follow-up ~25 Earth-size candidates 
–  Even with HARPS-N these will be confined to short period planets around 

lower mass stars 
•  To reap the benefits of the Kepler survey NASA needs to 

–  Allocate more time on existing large telescopes with high precision RV 
instrumentation 

–  Invest in modern spectrometer upgrades 
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Kepler Recommendations 

•  Kepler recommends allocation of additional time on Keck HIRES for 
planetary RV work 
–  Kepler was given 20 nights last year. Progress will be proportional to time 

allocation. 
•  Kepler endorses the recommendations of the NRC 2010 Decadal 

Report and the Precise Radial Velocity community on instrumentation 
development. 
–  Fund improvements to HIRES 

•  Higher sensitivity, HARPS+ precision, sky subtraction 
–  Fund research and development of 10 cm/s class RV instrumentation 

•  Push down to 10 cm/s precision 
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Decadal Survey on  “New Worlds: 
Seeking Nearby, Habitable Planets.”  

•  The report describes a “New Worlds Technology Development Program” in 
which “NASA and NSF should support an aggressive program of ground-based 
high-precision radial velocity surveys of nearby stars to identify potential 
candidates. 
–  “…The	  first	  task	  on	  the	  ground	  is	  to	  improve	  the	  precision	  radial	  velocity	  method	  by	  

which	  the	  majority	  of	  the	  close	  to	  500	  known	  exoplanets	  have	  been	  discovered…
Using	  exisAng	  large	  ground-‐-‐based	  or	  new	  dedicated	  mid-‐-‐size	  ground-‐based	  
telescopes	  equipped	  with	  a	  new	  generaAon	  of	  high-‐-‐resoluAon	  spectrometers	  in	  the	  
opAcal	  and	  near-‐-‐infrared,	  a	  velocity	  goal	  of	  10	  to	  20	  cenAmeters	  per	  second	  is	  
realisAc...The	  role	  of	  target-‐-‐finding	  for	  future	  direct-‐-‐detecAon	  missions	  …	  can	  be	  
done	  at	  least	  parAally	  by	  pushing	  ground-‐-‐based	  radial-‐-‐velocity	  capabiliAes	  to	  a	  
challenging	  but	  achievable	  precision	  below	  10	  cenAmeters	  per	  second.”	  (p.	  7-‐-‐8)	  	  

–  “…Improve	  radial	  velocity	  measurements	  on	  exisAng	  ground-‐based	  telescopes	  to	  
discover	  planets	  within	  a	  few	  Ames	  the	  mass	  of	  Earth	  as	  potenAal	  targets	  for	  future	  
space-‐based	  direct-‐detecAon	  missions.”	  (p.	  7-‐-‐10)	  	  

TNG 21	
1/8/11 



The Precise Radial Velocity (PRV) Community 
Response to the NRC 2010 Decadal Report  

Excerpts 
•  “Augment the existing program of PRV observations of Kepler 

candidates by obtaining observing time at existing facilities, both 
domestic and international, having the requisite instrumentation.” 

•  “Support upgrades of existing spectrographs and building new PRV 
spectrographs on NASA-- and NSF--funded telescopes, with some of 
these upgrades or even new instruments proceeding on a rapid enough 
timescale to be valuable for Kepler follow--up.” 

•  “Initiate an open, competitive program to develop advanced PRV 
spectrographs for existing U.S. observatories both in the optical and 
near--Infrared, especially those situated in the northern hemisphere.” 

•  “Accelerate the development of PRV spectrographs by explicitly 
encouraging applications for technology fellowships in this area.” 
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Kepler Recommendations 

•  Kepler recommends allocation of additional time on Keck HIRES for 
planetary RV work 
–  Kepler was given 20 nights last year. Progress will be proportional to time 

allocation. 
•  Kepler endorses the recommendations of the NRC 2010 Decadal 

Report and the Precise Radial Velocity community on instrumentation 
development. 
–  Fund improvements to HIRES 

•  Higher sensitivity, HARPS+ precision, sky subtraction 
–  Fund research and development of 10 cm/s class RV instrumentation 

•  Push down to 10 cm/s precision 
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